Abstract. Maturation of metabolomics has brought a deeper appreciation for the importance of isomeric identity of lipids to their biological role, mirroring that for proteoforms in proteomics. However, full characterization of the lipid isomerism has been thwarted by paucity of rapid and effective analytical tools. A novel approach is ion mobility spectrometry (IMS) and particularly differential or field asymmetric waveform IMS (FAIMS) at high electric fields, which is more orthogonal to mass spectrometry. Here we broadly explore the power of FAIMS to separate lipid isomers, and find a~75% success rate across the four major types of glycero-and phospho-lipids (sn, chain length, double bond position, and cis/trans). The resolved isomers were identified using standards, and (for the first two types) tandem mass spectrometry. These results demonstrate the general merit of incorporating high-resolution FAIMS into lipidomic analyses.
Introduction P roteomics and metabolomics measure the complement of proteins and metabolites in living tissues presumed to reflect and predict the health and disease states [1, 2] . Expression of metabolites (unlike proteins) is not coded in the genome, creating an open-ended number of options that incorporates massive isomeric complexity. For instance, a common lipid subclass is glycerolipids made by esterifying fatty acid (FA) chains to one or more of the three glycerol hydroxyls. These feature four major isomer types ( Figure 1 ): (i) acyl chain substitution or stereonumbering (sn-) that results from exchange of FA chains (transacylation), (ii) chain length from swapping pieces between FAs, and, for unsaturated lipids, (iii) double bond (DB) positional isomers and (iv) cis/trans (Z/E) geometry at each DB [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Permuting these variations can yield hundreds of isomers with often distinct biological activities, many present in vivo [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . As is widely known, trans-fats differ in uptake rates from the cis-analogs and are implicated in health issues, including cardiovascular and psychiatric diseases and slow infant growth [8] [9] [10] [11] . In another example, the nutritional absorption and bioavailability of constituent FAs differs across sn-isomers [4, 14] . Such isomers with distinct FAs exchanged between sn1 and sn3 positions are enantiomers [15, 16] , and proper chirality also matters. Accordingly, characterizing the lipidome to individual isomer level should be inherent to biomedical analyses [17] .
The prevailing "shotgun" lipidomics approach [18] based on tandem mass spectrometry (MS) via collision-induced dissociation (CID) effectively profiles lipid stoichiometries, but the CID spectra of isomers typically differ only in the fragment ratios that are sensitive to the excitation energy and collision cross-section and thus depend on the ionization source, gas pressure, and details of the instrument design and operation that control the ion temperatures and product mass discrimination [12, 13, 19, 20] . Thus relying on those ratios requires thorough calibration using pure standards for each conceivable isomer and is difficult for mixtures. In a new ozone-induced dissociation (OzID) mode, ozone mixed into the CID collision gas selectively severs the DBs in unsaturated lipids, revealing their position [21] [22] [23] . One can also subject CID products to OzID [15, 24] . Unfortunately, OzID is blind to other isomer types.
This situation calls for isomer separations before the MS/MS step. This has been traditionally pursued with liquid chromatography (LC) [16, [25] [26] [27] [28] [29] [30] [31] , using both the usual reversed phase and tailored non-aqueous reversed phase [27] , silver-ion normal phase that exploits Ag ions binding to DBs [28] [29] [30] , and their combination [31] . Despite dramatic advances in HPLC of lipids, many isomers could be separated only partly (if at all) despite lengthy gradients [28] . Other protocols involve complicated and laborious prior derivatization [28, 29] . Hence, the assessment that "the inability to distinguish isomeric lipids is the major limitation of existing lipidomics weaponry that seriously impedes the understanding of lipid biochemistry" [22] .
An alternative or complement to condensed-phase methods is rapid post-ionization ion mobility spectrometry (IMS) in gases that has unique selectivity [32] . Linear IMS devices based on absolute mobility (K) comprise the original drifttube (DT) IMS with constant electric field and dynamic-field systems such as traveling-wave (TW) IMS implemented in the Synapt platforms (Waters, Milford, MA). These can be "nested" between LC and MS stages, with the peaks eluting from LC dispersed by IMS and analyzed by (time-of-flight) MS without slowing the LC step [33] . The resulting domains in the IMS/MS palette differ for major biomolecular classes (e.g., peptides, lipids, carbohydrates, oligonucleotides), for some enough to classify by the peak position [34, 35] . However, finer categorization is obstructed by tight correlation between the ion mass (m) and K for homologous compounds that have analogous elemental composition and global morphology [34, 35] . This especially holds for lipids that normally form +1 (−1) ions and therefore one trend line in the IMS/MS space (unlike peptides where multiply-charged ions distribute over several lines with unequal slopes) [33] . Further, the mean and top deviations of those +1 ions from the central trend are just 2.6% and~5% (versus 7.3% and~30% for peptides and 8.8% and~35% for carbohydrates) [36] , which stringently constrains the power of linear IMS in isomer separations. Hence, while linear IMS can clean up lipid mixtures from isobaric and matrix interferences for superior component elucidation [36] [37] [38] [39] [40] [41] [42] and tissue imaging [41] and largely separate some subclasses (e.g., sphingolipids and phospholipids [36] or ceramides and lysophospholipids [41] ), isomer resolution has been rare: most isomers resolved by LC were not separated by IMS in LC/IMS experiments [43] . Poor orthogonality between IMS and MS dimensions can be mitigated by high IMS resolving power (R), and the latest DT IMS systems [44] operated at >1 Atm to attain R > 100 distinguish some isomers such as phosphocholines (PC) 18:1 with DB in positions 9 and 6. However, some separations claimed in that work were elicited by sophisticated peak fitting.
A newer FAIMS approach exploits nonlinear ion motion in electric fields of high intensity (E) to sort ions by the average derivative of K(E) function over a certain range [45, 46] . This quantity is extracted by a periodic asymmetric field applied across a gap between two electrodes, through which ions are carried by the gas flow. Ions injected into the gap are pushed toward either electrode, but a given species can be balanced (and thus passed and detected) by superposing a particular compensation voltage (CV) on the waveform. As the K(E) derivative is correlated to m substantially weaker than the mobility itself, FAIMS is far more orthogonal to MS than linear IMS [46] [47] [48] [49] [50] [51] . The specific advantage depends on the analyte nature and is about 4-fold for lipids [48] . Hence, FAIMS tends to resolve isomers much better than linear IMS with equal R metric.
The resolving power maximizes in planar gaps where homogeneous electric field equilibrates only one species at any CV, although finite resolution may allow similar species to pass [46, 52] . The resolution is sensitive to the carrier gas, and is generally augmented by addition of He or H 2 to N 2 because of higher ion mobilities in lighter gases and pronounced nonBlanc effect in mixtures of molecules with disparate masses [46, [53] [54] [55] [56] . The latter is theoretically maximized at~80% He, in line with the findings in FAIMS chips (where microscopic gaps permit extreme fields by the Paschen law) [56, 57] . However, the resolving power of these chips is low, and the electrical breakdown in macroscopic devices employed here [53, 54] constrains the He fraction to~50%-75%.
High-resolution FAIMS has been deployed to separate various biomolecular isomers, including the peptide sequence inversions and variants differing in the localization of posttranslational modifications [49] , protein conformers [50] , and isotopomers [51] . There were three such studies for lipids: a survey mapping subclasses in the FAIMS/MS space and demonstrating first resolution of isomers (sn-for diacylglycerols) [48] , targeted separation of two phospholipid isomers (requiring Ag + cationization, as the usual protonated species could not be pulled apart) [58] , and resolution of sn-isomers for triacylglycerols using alcohol vapors doped into the gas [59] . Fractionation of complex samples into subclasses (e.g., based on the head group) without isomer separation was also documented [60, 61] .
Hence, FAIMS has been shown to separate sn-but not the other three isomer types. Here, we explore them all using the system with highest resolving power provided by He/N 2 buffers and maximum feasible voltages. The results prove broad utility of FAIMS for lipid isomer separations.
Experimental
We employed a planar (p-) FAIMS unit with the gap width (g) of 1.88 mm [51] . The high-definition bisinusoidal waveform [62] with adjustable profile and frequency is put out by a supply protected from electrical shorts that enables operation near the arc breakdown threshold without risking equipment damage [51] . Here we adopted the 2:1 harmonic ratio, 1 MHz frequency, and zero-to-peak amplitude (dispersion voltage, DV) of 4 kV, leading to the dispersion field (E D ) of 21.3 kV/ cm. The compensation voltage (CV) was scanned at 0.3-1 V/min. Ions are pulled along the gap by flow formulated by digital meters (MKS Instruments, Andover, MA, USA) from UHP He and N 2 with up to~70% (v/v) He, the breakdown limit. The total flow rate Q was varied from 2 to 0.7 L/min to control the resolution/sensitivity trade-off by adjusting the filtering time (roughly proportional to 1/Q) from t = 0.2 to 0.5 s [55, 62] . The inflow is split, with one part desolvating incoming ions in a curtain plate/orifice inlet and other carrying ions through the device [52] . The optimum rate depends on the ion nature and gas composition, increasing to offset faster diffusion for smaller ions or lighter gases.
The FAIMS stage is coupled to an LTQ XL mass spectrometer (Thermo Fisher Scientific, Waltham, MA) by an electrodynamic ion funnel interface [51, 52, 62] . The inlet features a multi-hole slit of~6 mm length that fits the rectangular shape of ion beams leaving the FAIMS gap while matching the conductance of regular cylindrical capillary [51] . The funnel assembled from metalized plastic electrodes has the length of 80 mm, a 25-mm entrance orifice, and 2-mm exit aperture, and operates with axial DC voltage of~100 V, confining rf voltage of 1 MHz frequency, and~110 V amplitude. This funnel effectively captures a supersonic jet expanding from the inlet capillary and focuses it into the first quadrupole of the LTQ.
Ions are generated by electrospray ionization (ESI) source biased at~2.5 kV versus the FAIMS curtain plate (with subsequent~1 kV drop to the orifice) from samples infused at~0.5 μL/min. We focused on ubiquitous glycerolipids and phospholipids in the 500-900 Da range, represented by 32 species (Table 1) : 10 diacylglycerols (DG), 11 triacylglycerols (TG), and 11 phosphocholines (PC) that form 19 isomer pairs (5 for DGs, 7 for PCs, and 7 for TGs). These were procured from Larodan (Solna, Sweden) or Avanti (Alabaster, AL, USA) and dissolved to 10 μM in 30:70 chloroform/methanol (Fisher HPLC grade) salinized by ammonium acetate (Fisher ACS grade) at 2% by weight. We adopt the lipid nomenclature outlined by Liebisch [63] , Holcapek [27, 59] , and Blanksby [15] with the subclass (DG, TG, or PC) followed by giving FAs (or entering 0 if none) at sn1, sn2, and (for DG and TG) sn3 sites. The FAs are identified by the number of carbons, number of DBs, and (if any) location and symmetry of DBs. They are abbreviated as L (lauric, 12:0), M (myristic, 14:0), P (palmitic, Comparisons of FAIMS spectra acquired not concurrently are complicated by shifts due to variations of DV, ambient pressure, and temperature. Like with MS, the increasing resolving power of IMS and FAIMS renders such shifts more prominent. As with "lock mass" in MS [64] , this problem in FAIMS of peptides was addressed using internal calibrants exhibiting consistent CV shifts as a function of experimental parameters [48] . Good calibrants are homologous to the analyte(s) with close (but not overlapping) mass and CV to (1) maximize the correlation between the CV dependences on instrumental parameters for the two species, and (2) minimize the time between the appearances of those species and, thus, the parameter drift during it. A calibrant must be easily ionized to yield strong peaks from traces in the sample, yet not materially suppress the analyte ionization. It should also produce one or few well-defined CV peaks and not complex with the analyte, which could cause artifacts for the analyte and/or calibrant upon the fragmentation of complexes during or after the FAIMS step. By these criteria, we selected lipids similar but not isomeric to targeted analytes: LeLeLe for EEE and its isomers, PdPdPd for other TGs and MS/SM pair, P0A for M0E, and M0O, M0E for other DGs, and MS for other PCs (with the E C scale anchored by PdPdPd and others being secondary calibrants). Spectra were aligned by linear CV scaling to match the calibrant peaks. In some cases, two calibrants (straddling the analyte peak) were employed for utmost accuracy. For transferability of findings across FAIMS devices with unequal gaps, CV is converted to the compensation field (E C ) deemed positive for type C ions (where ∂K/dE < 0).
We first inspected the positive-mode mass spectra for all lipids to clarify the stoichiometry of ions from ESI. As expected, those were singly ammoniated and protonated species for glycerides and PC, respectively [48] . We then obtained the E C spectra for individual isomers over a range of gas compositions and flow rates, and applied CID at the apexes of peaks of interest or during E C scans. The calibrated spectra for isomers were superposed to optimize the resolution (E C spread divided by the mean peak width at half maximum, w) and signal at sufficient resolution. Those results were validated by FAIMS/ MS/(MS) analyses for isomeric mixtures, in some instances with several component ratios.
Results
As expected, all lipid ions in all He/N 2 compositions are type C [46, 48] . Typical behaviors are seen in the separation of type (iii) isomers trielaidin and tripetroselaidin (TGs comprising FAs with single trans-DB in the w9 or w12 position). The E C values go up upon He addition (Figure 2a) , while peaks narrow (Figure 2 b-d) as the ion mobility increases [48, 65] . These observations track those for peptides, with E C and peak widths somewhat exceeding those for 1+ ions of similar mass under identical conditions [53, 54] . For example, at 65% He we find w~2-2.5 V/cm versus 1.6 V/cm on average for 1+ peptides [53] around 900 Da (at Q = 2 L/min). Broader peaks may reflect larger cross-sections and, thus, lower K for lipids compared with isobaric peptides [66] and/or more diverse conformations. Hence, the resolving power for lipids approximates that for 1+ peptides [53] , increasing from~10 in N 2 to~40 at the maximum He content.
The E C difference between EEE and PdPdPd likewise expands at higher He content (Figure 2b-d) . Combined with narrower peaks, this elevates the resolution from none in N 2 and marginal at 40% He to fair at 65% He. The improved resolving power also pulls away two minor features a1 and a2 on the low-E C sides of dominant peaks b. These species with intensities sensitive to ESI conditions may be protomer-like [67] isomers with distinct ammoniation sites. (Probable attachment of NH 4 + to DB may place it on any FA, although that would not engender three peaks as FA1 and FA3 are equivalent). Although these features confound the sought separation in principle, at the highest He fractions they lie too far from the base peaks to interfere (Figure 2d ). Such secondary features potentially enhance the isomer resolution, although here their difference (if any) is less than that for the base peaks.
The peak widths in p-FAIMS devices scale as t 1/2 fundamentally and actually faster in view of fringe effects [65, 68] ; hence, halving Q to~1 L/min should decrease w by >1.4 times. The actual narrowing of~1.7 times delivers peak resolution at half-maximum and perfect filtering of either isomer at its apex (Figure 3 a, b) , at a sensitivity penalty of~5× (a) and~30× (b). Yet higher resolution (near the detection limit) is achievable at Q = 0.7 L/min. Spectral annotations were confirmed by varying the isomer ratios in a mixture, e.g., 2:1 and 1:2 ( Figure 3c ). This illustrates the method for realistic samples, where those ratios are generally unequal.
Given these trends, we settled on 65% He, throttling the gas as needed for isomer resolution. With peptides, one commonly has to lower the He fraction (often to~30%-40%) to maintain reasonable ion counts even at the "standard" Q = 2 L/min [49] . This is not the case for lipids because of (1) lower K values compared with multiply charged peptides generated by ESI [43] , and perhaps (2) lack of "self-cleaning", which eliminates ions that underwent significant E C change upon isomerization (unfolding) induced by field heating inside the FAIMS gap [69, 70] .
Another isomer of EEE is OOO, comprising the oleic FA with cis-DB in the same place. These formed essentially coincident peaks at any Q down to 0.7 L/min (Figure 3d) , but PsPsPs was thus resolved from OOO as well as from EEE. To gauge the prevalence of two outcomes, For each isomer, we give the common name, systematic nomenclature and abbreviation. "Full" separation means each isomer cleanly filtered from the other at FAIMS peak apex, "partial" means a dip between the two peaks in 1:1 mixture * Separation shown in an earlier publication [48] we probed other type (iv) TG isomer pairs with one elaidic or oleic FA. The PPE and PPO are fully resolved at reduced flow rates, but PELo and POLo are not (Figure 3e, f) . It is tempting to rationalize the trans-to-cis transition (that bends FA chains) as less impactful in an FA in the middle sn2 location than sn1 or sn3, but this fails to explain why EEE and OOO co-elute. Many important lipids are polyunsaturated, allowing isomers with multiple DB shifts and/or cis/trans transitions. Such plural variations should intuitively augment the structural difference between isomers and, thus, their separation. Indeed, trilinoelaidin and trilinolein that feature two DBs with trans-or cis-configuration (in the w6 and w9 positions) in each FA are separated by >4 V/cm, which is more than baseline (Figure 3g ) and better than the three cis/trans isomers with one transition. Here, conversely to Figure 3e , E C is higher for the trans-than cis-geometry. Some sn-TG isomers with P, S, or O chains were resolved using vapor dopants [59] . Here, the arachidin-containing PAO and AOP are partly resolved at lower flow rates (Figure 3h ). The DGs have lower mass than TGs (here~600 versus 800-900 Da) and higher E C values [48] , but exhibit similar isomer separations overall (Figure 4) . Some snisomers were resolved well: e.g., SL0 and LS0 (Figure 4a ) or PL0 and P0L [48] . Others were not: e.g., SP0 and P0S (Figure 4b) , where only the lack of customary peak compression for the mixture upon Q decreasing from 2 to 0.9 L/min suggests slight separation. This is not readily interpreted as a consequence of larger length difference between S and L (6 carbons) or P and L (4 carbons) compared with S and P (2 carbons): transacylation changes the chain length in sn1/sn3 and sn2 positions by 6 carbons in the SL0/LS0 pair but 16 carbons in SP0/P0S as P and hydroxyl switch places. The O0O and OO0 isomers with same transposition of O are merged too, although here both exhibit two substantial peaks (Figure 4c) . However, the PL0/P0L pair [48] shows that such chain-hydroxyl switch isomers are not necessarily problematic.
The type (iv) M0E/M0O pair is separated well, with higher E C for the cis-geometry (Figure 4d ). The isomers M0B and P0A are resolved almost baseline, despite B and A differing by the minimal two carbons or <10% of the FA length (Figure 4e ). How representative is this single example of type (ii) isomers remains to be determined. As diglyceride ions are smaller and more mobile than triglycerides, their peaks are slightly narrower under identical conditions (e.g., w = 1.8-1.9 versus 2.1-2.4 V/cm at Q = 2 L/min). However, the associated sensitivity drop requires somewhat higher Q for diglycerides and the final peak widths compare. The enantiomers with exchanged FAs are not resolvable by IMS methods unless converted to diastereomers or with a chiral vapor doped into the gas. In this respect, the LC separations are currently indispensable.
Our phospholipids lie between DGs and TGs in mass (~700-800 Da) and E C range. Their FAIMS spectra tend to be cleaner with stronger signal and fewer minor peaks, likely reflecting a more efficient and specific protonation at the unique PC group versus ammoniation of glycerolipids possible on multiple similarly favorable sites. All three sn-isomer pairs tried are well resolved despite modest differences between the FAs involved: four carbons for MS/SM, two carbons and one DB for OP/PO, and a DB for OS/SO (Figure 5a-c) . However, each species features a minor peak coincident with the major one for its isomer at all He fractions, with the height ratios conserved regardless of the ESI conditions. This pattern already encountered for DGs [48] was ascribed to isomeric contaminants resulting from imperfect synthesis and/or transacylation during the storage or ESI process [71] . Their abundance is commonly [38, 71] ~10%-15%, in line with the present range of 2%-30%. The OO and PsPs (with single cis-DB on each FA in the w9 and w12 position) coincided even at the maximum resolving power (Figure 5d ), in contrast to the parallel move involving the trans-DB in TGs (Figure 3a-c) . Their isomer EE with trans-DBs was resolved from both ( Figure 5e ), again in contrast to the co-eluting OOO and EEE (Figure 3d ). The other type (iv) pair PoPo/PePe was well-separated too (Figure 5f ), also with the transgeometry at higher E C . The summary FAIMS/MS palette for lipids studied here ( Figure 6 ) reproduces the main trends found at 50% He [48] : the negative correlation between E C and mass within each subclass, higher E C for phospholipids than glycerolipids of similar mass, and lower E C for unsaturated lipids. Consistency of these trends despite much higher E C here (~80-140 V/cm versus~40-80 V/cm in [48] ) confirms their utility for classifying lipids based on the domains in FAIMS/MS space. Lipids are commonly identified by CID. For example, both sn-isomers PO and OP can eliminate O or P as ketenes, yielding fragments at m/z = 522.6 and 496.6, respectively [38, 72] . However, an FA is easier to sever at sn2 than at sn1 (because the tertiary α-hydrogen forming an H-bond with the carbonyl oxygen hinders the latter process), and the ion counts at 522.6 exceed those at 496.6 by~3-4 times for OP and vice versa for PO [20, 38, 72] . This was also observed here (Figure 7 ), confirming the isomer separation found with standards Figure 5 . FAIMS spectra for phosphocholine isomer pairs (notation as in Figure 3) ( Figure 5b) . The features at 18 units below these fragments (m/z of 504.6 and 478.6) arise from the elimination of same FAs as free acids [72] . These two fragments were previously reported as similarly intense [38, 72] , but we see greater losses at the sn1 position. Although this preference appears weaker than that for ketene loss, it can help to confirm the assignments. These trends extend to PCs with saturated FAs, e.g., MS and SM ( Figure 7) . The chain-length isomers (where two chains differ in length) are trivially disentangled by two FA elimination products: e.g., at m/z of 284 and 398 for M0B versus 314 and 370 for P0A. However, CID cannot identify the DB position and cis/trans isomers, as this information resides in the lost chain. For instance, EE, OO, and PsPs eliminate E, O, and Ps as ketenes and free acids, leaving identical products (m/z = 522.6 and 504.6), and the PC head group (through two 1,2-hydride shifts) [38] to yield the fragments at m/z = 604 (Figure 7) .
Concluding, high-resolution FAIMS has separated~3/4 of lipid isomer pairs across major types (including one pair from [48] ): 7 out of 9 sn-and chain length (i, ii), 3 out of 4 DB position (iii), and 7 out of 9 cis/trans (iv). (The only type (ii) pair was considered together with (i), and the numbers do not total to 15 out of 20 because the two pairs belonging to two types were counted in each. For isomers differing in either the DB position or cis/trans arrangement, 1 out of 2 and 5 out of 7 were separated, respectively.) To address the remaining pairs, we are raising the FAIMS resolving power and investigating cationization by Ag + and other metal ions that benefited some lipid separations [59] . All species resolved were assigned using standards, with confirmation by CID for most sn-and chain length-isomers. Integration of OzID (in progress) will extend the a priori identification to DB position isomers. Overall, this work showcases FAIMS as a powerful tool for rapid lipid isomer elucidation. Figure 7 . CID spectral windows for exemplary isomers selected by FAIMS from binary mixtures (at peak apexes): sn-isomers (top panels) and DB position and cis/trans isomers (bottom panels). The FAs lost are marked and underlined for ketenes GM103418), NSF First (EPS-0903806), and NSF CAREER (CHE-1552640). A.S. has interest in Heartland MS that produces FAIMS systems and ion funnel interfaces such as those utilized in this work. A.S. also holds a faculty appointment at the National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Russia.
